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Effect of Multilevel Inverter Supply on Core Losses
in Magnetic Materials and Electrical Machines
Paavo Rasilo, Aboubakr Salem, Ahmed Abdallh, Frederik De Belie, Luc Dupre´,
and Jan A. Melkebeek, Senior Member, IEEE
Abstract—The effect of multilevel inverter supply on power
losses in magnetic cores and electrical machines is studied. A dy-
namic numerical model for the hysteresis, eddy current, and excess
losses in a core lamination is first developed. By both measure-
ments and simulations for a ring-core inductor, we demonstrate
how increasing the number of inverter voltage levels decreases the
iron losses when compared with traditional two-level supply. Al-
though the switching frequency has a significant impact on the
iron losses in the case of a traditional two-level inverter, using
three or five voltage levels makes the losses almost independent of
the switching. Finally, finite-element simulations show that simi-
lar reductions are also possible for the core losses of 150-kVA and
12.5-MW wound-field synchronous machines, in which rather low
switching frequencies are typically used. Calorimetric loss mea-
surements are also presented for the 150-kVA machine in order to
confirm the significant effect of switching frequency on the core
losses with two-level inverter supply.
Index Terms—Eddy currents, electrical machines, excess loss,
finite-element analysis, iron loss, magnetic hysteresis, magnetic
materials, multilevel converter, pulse width modulation.
I. INTRODUCTION
MULTILEVEL voltage-source inverters are becoming in-creasingly more popular in electrical machine applica-
tions. They are suitable for replacing traditional two-level con-
verters particularly in medium-voltage high-power machines,
since the higher number of voltage levels allows using medium-
power semiconductors instead of high-power ones [1]. Very
recently, different multilevel inverter topologies [2]–[4] as well
as control algorithms and modulation techniques [4]–[7] have
been under active research. The applications have included con-
verter interfaces to both grid [8], [9] and electrical machines [2],
[10], [11].
From the point of view of an electrical machine, the most im-
portant property of a multilevel inverter is its ability to produce
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terminal voltages with lower harmonic contents. This leads to
more sinusoidal flux linkages and consequently to better effi-
ciency and smoother torque. However, it seems that the studies
on multilevel inverter supplied machines have so far mostly fo-
cused on the torque ripple [10], [11], and the power losses have
received only a little attention.
Indeed, compared to the huge amount of experimental and
theoretical power-loss studies in electrical machines supplied
from traditional two-level inverters [12], it is surprising that only
[13]–[15] were found to really investigate the effects of multi-
level inverters on losses in magnetic cores. In [13], the harmonic
losses in a cascaded H-bridge inverter supplied 3-hp (2.2-kW)
induction machine were studied. A simple experimental formula
for the harmonic losses was compared to no-load measurement
results with both two- and seven-level pulse-width modulated
(PWM) voltage waveforms. In [14], the optimal control of a
three-level T-type converter supplied 7.5-kW induction motor
drive was studied. The loss minimizing rotor-flux reference was
calculated using a nonlinear equivalent circuit model and exper-
imental data for the harmonic losses at different switching fre-
quencies. In [15], the iron losses in a ring-core setup were stud-
ied with multilevel PWM supply-voltage waveforms. In each
study [13]–[15], the core losses were found to be significantly
reduced when more voltage levels were used.
In this paper, we perform a comprehensive investigation on
the effects of multilevel PWM inverters on the losses in magnetic
cores. Contrary to the earlier modeling attempts, we apply an ac-
curate dynamic numerical model to account for the iron losses in
the core laminations. To compare to the measurements of [15],
numerical simulations are first performed for the ring-core in-
ductor with two-, three-, and five-level PWM inverter supplies.
It is shown that both the iron losses and their dependence on the
switching frequency are significantly reduced with increasing
number of voltage levels. Finally, to validate the observations
of [13]–[15] in a higher-power range, 150-kVA and 12.5-MW
wound-field synchronous machines (see Table I and Fig. 1) are
simulated with the finite-element (FE) method with two-, three-,
and five-level inverter supplies and relatively low switching fre-
quencies. The predicted core losses of the 150-kVA machine
are compared to calorimetric measurements with a two-level
inverter supply. Very similarly to the ring-core, the total core
losses of the machines decrease when the number of voltage
levels is increased.
Combining the physical iron-loss model and FE analysis al-
lows segregation of the losses into different components and
thus comprehensive investigation of the loss mechanisms with
multilevel inverter supply. By simulating both the 150-kVA and
12.5-MW machines, it is shown that the effect of the supply
0885-8969 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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TABLE I
DATA AND DIMENSIONS OF THE STUDIED MACHINES
Data Machine I Machine II
Machine type generator motor
Power 150 kVA 12.5 MW
Voltage 400 V 3150 V
Current 217 A 2291 A
Displacement factor 0.8 cap 1
Frequency 50 Hz 50 Hz
Number of pole pairs 2 3
Stator outer diameter 430 mm 1820 mm
Stator inner diameter 300 mm 1340 mm
Air gap 1.2 mm 15 mm
Number of stator slots 48 90
Fig. 1. FE meshes of (a) the 150-kVA machine and (b) the 12.5-MW machine.
The two meshes are in different scales.
voltage on the terminal current waveform and loss distribution
can vary significantly from one machine to another.
II. MEASUREMENTS
A. Multilevel Inverter Supplied Ring Core
To study the effect of multilevel PWM supply directly on the
core material, a standard ring-core setup was used. The core is
stacked of 20 0.5-mm-thick rings cut with electrical discharge
machining from nonoriented M530/50A electrical steel. The
inner and outer radii of the rings are 45 and 55 mm, respectively.
The core is equipped with both primary and secondary windings
for magnetic-field and flux-density measurements according to
IEEE Standard 393-1991 [16].
The iron-loss measurements of the core were first carried out
with sinusoidal flux densities of different amplitudes, which
were generated by iteratively controlling the supply voltage
waveform using a field programmable gate array (FPGA) con-
troller and a power amplifier. In addition, the iron losses were
measured under the PWM supply voltage generated by the three
different converter topologies shown in Fig. 2. The converters
were controlled by means of a carrier-based pulse-width modu-
lation (CBPWM) with a constant modulation index and variable
dc-link voltage. The CBPWM technique was implemented on an
FPGA digital controller. The PWM was implemented by com-
paring the carrier sawtooth waveform to a desired target voltage
waveform. The target was initially set to the voltage waveform
needed to produce the sinusoidal flux density. A similar itera-
Fig. 2. Single phase circuit of (a) the two-level converter, (b) the T-type three-
level converter, and (c) the dual-T-type five-level converter supplying the ring
core.
tive procedure was then performed until the desired fundamental
flux density was reached with an accuracy of 0.1%. Three carrier
(switching) frequencies were used at 1.05, 2.55, and 4.95 kHz.
More details on the converters and the measurement setup are
given in [17] and [15], respectively.
B. Calorimetric Measurements for Synchronous Machine
The 150-kVA machine was used as a test machine for exper-
imental determination of the losses. The stator of the machine
is stacked of M600/50A electrical steel sheets while the rotor is
stacked of 1-mm steel plates.
The core losses of the machine were experimentally deter-
mined using an air-cooled calorimetric setup [18]. The test
machine was placed into an insulated polystyrene box, whose
coolant air flow was controlled with an exhaust fan. The av-
erage air temperatures T and absolute humidity x were mea-
sured in both the inlets (subscript in) and outlets (out) using
grids of Pt-100 sensors and humidity transducers, which al-
lowed calculation of the heat capacity and the enthalpy increase
Δh(Tin , Tout , x) of the air through the calorimeter. The mass
flow rate qm was determined by a calibrated orifice plate mea-
surement. The measured quantities allow determining the total
heat transferred by the coolant air as
ΔQ = qmΔh. (1)
To eliminate the heat leakage and the friction and windage
losses, the setup was calibrated with dc heater resistors while
rotating the test machine without excitation. Direct determina-
tion of the total electromagnetic losses of the loaded machine
was thus possible by comparison of the heat transferred by the
coolant air to the calibration curve.
The core losses were segregated from the total electromag-
netic losses by subtracting the dc resistive losses of the stator
and field windings. The total core losses of the machine thus
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include the iron losses, damper-winding losses, the losses in the
frame, shaft and other conducting parts as well as the losses
caused by eddy currents and circulating currents in the stator
and field windings. The measurements were done with both si-
nusoidal supply and two-level PWM inverter supply with 1- and
6-kHz switching frequencies and are used here as a reference
for the simulations.
III. METHODS OF MODELING
A. Iron-Loss Model
The iron losses are modeled with the meshless approach com-
prehensively described in [19]. If an infinitely large core lam-
ination is assumed to lie parallel to the xy-plane, the behavior
of the magnetodynamic field in the thickness z ∈ [−d/2, d/2]
is described by
∂2h (z, t)
∂ z2
= σ
∂b (z, t)
∂t
(2)
in which σ is the electrical conductivity, and the field strength
h and flux density b are parallel to the lamination surface. The
solution for (2) is sought as a cosine-series expansion for the
flux density
b(z, t) =
Nb−1∑
n=0
bn (t)αn (z) (3)
with αn (z) = cos(2πnz/d). We also expand the field strength
so that (2) is identically satisfied:
h˜(z, t) = hs(t)− σd2
Nb−1∑
n=0
dbn (t)
dt
βn (z). (4)
Here, hs(t) is the field on the lamination surface and βn (z) are
functions defined so that
αn (z) = −d2 d
2βn (z)
dz2
andβn
(
±d
2
)
= 0. (5)
Since the finite series b(z,t) and h˜ (z, t) cannot exactly satisfy
the constitutive material law h(b), it is expressed weakly as
1
d
d/2∫
−d/2
[
h˜ (z, t)− h (b (z, t))
]
αn (z) dz = 0 (6)
for each n = 0, . . . , Nb − 1. This finally results into a system
⎡
⎢⎢⎣
hs (t)
0
.
.
.
⎤
⎥⎥⎦ =
1
d
d/2∫
−d/2
h (b (z, t))
⎡
⎢⎢⎣
α0 (z)
α1 (z)
.
.
.
⎤
⎥⎥⎦ dz
+σd2C
d
dt
⎡
⎢⎢⎣
b0 (t)
b1 (t)
.
.
.
⎤
⎥⎥⎦ (7)
from which the flux-density distribution (3) and the surface field
hs(t) can be solved for a known average flux density b0(t). The
elements of matrix C are
Cmn =
1
d
d/2∫
−d/2
αm (z)βn (z)dz. (8)
The notation in (8) is understood so that the column vectors and
matrix C are related to the equations of the system, and the x
and y components of the bold vectors are treated separately.
The local h(b(z,t)) is hysteretic and also includes a dynamic
contribution from the excess eddy-current losses. The hysteretic
field strength is obtained from an inverse vector Preisach hys-
teresis model [20], which projects the flux density into Nϕ
different directions ui = [cos(iπ/Nϕ ), sin(iπ/Nϕ )]T , applies
an inverse scalar Preisach model to these projections, and sums
up the outputs. The excess field-strength part depends on the
time derivative of the flux density according to [19], [21], [22]
h (b) =
Nϕ∑
i=1
hhy (b · ui)ui + cex
∣∣∣∣
∂b
∂t
∣∣∣∣
−0.5
∂b
∂t
. (9)
The local hysteresis classical eddy-current and excess loss
densities (in W/m3) are obtained as
phy (z, t) = hhy · ∂b (z, t)
∂t
(10a)
pcl (z, t) = σd2
Nb−1∑
m=0
Nb−1∑
n=0
Cmn
dbm (t)
dt
· dbn (t)
dt
(10b)
pex (z, t) = cex
∣∣∣∣
∂b (z, t)
∂t
∣∣∣∣
1.5
. (10c)
The average loss densities are obtained by averaging (10) over
the lamination thickness.
B. Electrical Machine Model
The synchronous machines are modeled with a 2-D time-
stepping FE model using a magnetic vector potential for-
mulation, so that vector potentials An = Anuz for which
Bn = ∇xy ×An correspond to the terms in the flux density
expansion (3). Capital letters and ∇xy denote that the quanti-
ties depend on the xy-coordinates in the cross section of the
machine. The iron losses are included in the FE solution by
applying Ampere’s law to the rows of system (7)
1
d
∇xy ×
d/2∫
−d/2
H (B (x, y, z, t))
⎡
⎢⎢⎣
α0 (z)
α1 (z)
.
.
.
⎤
⎥⎥⎦ dz
+σd2C
d
dt
∇xy ×
⎡
⎢⎢⎣
B0 (x, y, t)
B1 (x, y, t)
.
.
.
⎤
⎥⎥⎦ =
⎡
⎢⎢⎣
0
0
.
.
.
⎤
⎥⎥⎦ . (11)
The FE equations are solved together with circuit equations
of the windings to allow simulation of the machine with voltage
supply. In order to have a good convergence in the FE solution,
only single-valued material characteristics are used during the
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computation and the hysteresis losses are calculated in the post-
processing stage, as justified in [23]. An initial state is calculated
with a static FE model and three supply periods are simulated
in order to reach a steady state. The iron losses are calculated
by integrating (10) over the laminated regions.
C. Multilevel Inverter Model
The inverter voltage waveforms for the FE simulations of
the synchronous machines are theoretically generated using the
space-vector pulse-width modulation (SVPWM) technique. The
SVPWM is a well-performing modulation technique for the
control of the different converter topologies, since it produces
very small harmonic contents to the output voltage. A complete
analysis for SVPWM for two-level and multilevel converters is
discussed in detail in [23]–[26]. The theory of operations and
circuit diagram of T-type and dual T-type three-phase multilevel
converter topologies are discussed in detail in [17].
The terminal voltages for the 150-kVA machine with 400-V
fundamental components were produced with both 1- and 6-kHz
switching frequencies, which were also used in the calorimetric
measurements with the two-level inverter. The 3150-V terminal
voltages for the 12.5-MW machine were produced with both
250-Hz and 450-Hz switching frequencies, which are more re-
alistic for this power range.
IV. RESULTS
A. Fitting of Loss-Model Parameters
The ring core was first modeled by solving (7) in a uni-
directional configuration, assuming that b(z, t) = [b(z, t) 0]T ,
with b(z, t) being the circumferential flux density which varies
in the lamination thickness z. The scalar Everett function [20]
required for the Preisach model was first determined from low-
frequency measurements following the approach of [27]. The
lamination conductivity σ and the excess-loss coefficient cex
were then determined by fitting the iron-loss simulations to
ring-core measurements with a sinusoidal supply. The obtained
values were σ = 2.96 MS/m and cex = 0.617 W/m3(s/T)3/2. The
losses with these parameters and with different frequencies f and
flux-density amplitudes bmax are compared to the measurements
in Fig. 3.
B. Ring-Core Losses With Different Inverter Types
After fitting the loss-model parameters, we studied by mea-
surements and simulations how the ring-core losses behave with
different supply-voltage waveforms. The iron-loss model was
supplied with the measured spatial average flux-density wave-
forms b0(t). Fig. 4 shows the measurement and simulation re-
sults with two-, three-, and five-level inverters and with 1.05-,
2.55-, and 4.95-kHz switching frequencies and a fundamental
frequency of 50 Hz. It is seen that when the number of voltage
levels is increased, the losses decrease and approach the values
obtained with sinusoidal flux densities. In addition, notable is
that the influence of the switching frequency on the losses de-
creases with increasing number of voltage levels. A very similar
behavior is observed in the simulations.
Fig. 3. Fitting of the conductivity and excess-loss coefficient.
Fig. 4. Measured and simulated loss densities in the ring core with different
supply types and fundamental flux-density amplitudes.
A more careful comparison of the results at fundamental flux
densities of 1 and 1.5 T, as well as segregation of the simulated
losses into different components, is found in Table II. At 1 T,
the simulation results are within 4.6% of the measured losses,
while at 1.5 T, the largest error is 15.2%. In most cases, the
hysteresis losses comprise a major part of the total losses, while
the contribution of the excess losses remains small. When the
number of voltage levels is increased, the dynamic loss compo-
nents are subject to the biggest decreases. Thus, the proportion
of the hysteresis loss on the total loss increases with smoother
flux-density waveforms. In general, the hysteresis losses seem to
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TABLE II
MEASURED AND SIMULATED LOSSES IN THE RING CORE WITH DIFFERENT PWM VOLTAGE WAVEFORMS
Fundamental flux density 1.0 T
Number Switching Measured Simulated Simulated Simulated Simulated
of levels frequency (kHz) total (W/kg) total (W/kg) hysteresis (W/kg) classical (W/kg) excess (W/kg)
2 1.05 3.60 3.63 2.23 0.88 0.52
2.55 3.28 3.34 1.97 0.84 0.53
4.95 3.03 3.17 1.85 0.78 0.53
3 1.05 2.97 2.84 1.96 0.55 0.34
2.55 2.87 2.78 1.91 0.52 0.34
4.95 2.78 2.71 1.87 0.51 0.33
5 1.05 2.77 2.71 1.94 0.47 0.30
2.55 2.74 2.72 1.95 0.48 0.30
4.95 2.71 2.69 1.93 0.47 0.29
Sinusoidal 2.54 2.51 1.86 0.39 0.26
Fundamental flux density 1.5 T
Number Switching Measured Simulated Simulated Simulated Simulated
of levels frequency (kHz) total (W/kg) total (W/kg) hysteresis (W/kg) classical (W/kg) excess (W/kg)
2 1.05 10.8 10.0 4.40 4.00 1.63
2.55 9.51 8.91 3.53 3.75 1.63
4.95 8.57 8.68 3.24 3.71 1.72
3 1.05 7.03 6.08 3.26 2.01 0.81
2.55 7.02 5.95 3.19 1.93 0.83
4.95 6.67 5.86 3.20 1.82 0.83
5 1.05 5.79 4.99 3.24 1.18 0.56
2.55 5.79 5.02 3.25 1.19 0.58
4.95 5.74 5.00 3.26 1.16 0.58
Sinusoidal 5.36 4.64 3.25 0.91 0.47
Fig. 5. Measured and simulated dynamic hysteresis loops for the ring core
with different types of inverter supply. Color version available online.
be more dependent on the switching frequency than the number
of voltage levels.
Fig. 5 shows the b0−hs loops for the different supply wave-
forms. It is clear that the effect of minor loops reduces as the
voltage waveform improves. At the five-level supply, the small
effect of the switching frequency on the loop shape is clearly
visible.
C. Core Losses in the 150-kVA Machine
The 150-kVA test machine was simulated using the FE
method with sinusoidal supply voltage as well as with two-,
three-, and five-level inverter voltages generated with the
SVPWM technique. Fig. 6 shows the terminal voltage wave-
forms obtained from the SVPWM for the 1-kHz case. Also the
terminal current waveforms and the total harmonic distortions
(THD) in the current are shown. The harmonic content reduces
from 14.2% to 10.2% when changing from the two-level to the
five-level inverter.
Fig. 7 shows the simulated core losses for the different cases
and compares these to the calorimetric measurements with the
two-level inverter. Very similarly to the ring core, the total core
losses decrease significantly as the number of voltage levels is
increased. The effect of the switching frequency on the losses
is clear in the two-level case, but again becomes negligible
with more voltage levels. In this case, however, the difference
between the three- and five-level inverters is smaller than in the
case of the ring core.
Comparison to the calorimetric measurements shows that the
losses simulated at the two-level inverter supply are approxi-
mately in the correct ranges. At 25% load, the measured losses
are 12–17% higher than the simulated ones while at the rated
load, the difference is 23–27%. These differences are most likely
caused by the facts that the machine has a skewed stator and con-
ducting end-plates which are not taken into account in the model.
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Fig. 6. Simulated terminal voltages, rated-load currents, and current distor-
tions (THD) for the 150-kVA machine at 1-kHz switching frequency.
Fig. 7. Core losses in the 150-kVA synchronous machine with different
switching frequencies and different numbers of PWM voltage levels.
In addition, the 1-mm rotor laminations have been punched
which can significantly increase the losses on the rotor surface
due to the deteriorated magnetization properties and contacts
between adjacent laminations. A more detailed comparison of
the simulations and measurements with different rotor materials
Fig. 8. Segregation of the simulated rated-load core losses of the 150-kVA
machine at two- and five-level inverter supplies and comparison to the losses at
sinusoidal supply.
is found in [27], while the effect of the punching on the core
losses is estimated in [28]. Despite the differences, the effect
of the switching frequency on the core losses is realistically
predicted by the simulations.
Fig. 8 segregates the simulated rated-load core losses into
different components. When the supply is changed from the
two-level to the five-level at 1-kHz switching frequency, the
hysteresis, classical eddy-current, excess and damper-winding
losses, respectively, decrease by 89, 386, 100, and 88 W, or 11%,
24%, 27%, and 40%. The effect on the eddy-current losses in the
frame is negligible. Although the excess and damper losses are
more sensitive to the voltage waveform than the classical eddy-
current losses, the absolute decrease in the classical losses is
clearly dominant. The classical eddy-current loss is the greatest
loss component in each case due to the high-frequency eddy-
current losses induced into the thick rotor laminations. On the
other hand, due to the small air gap, the damper winding losses
and the current harmonics are dominated by the slot ripple and
less affected by the inverter.
D. Core Losses in the 12.5-MW Machine
Fig. 9 shows the terminal voltages and currents for the
12.5-MW machine with 250-Hz switching frequency. In this
case, the decrease of the current THD with increasing numbers
of voltage levels is significantly larger than in the smaller ma-
chine. With larger air gap, the inverter supply dominates over
the slot harmonics and thus improving the voltage waveform
efficiently reduces the harmonic contents in the current.
The total core losses in Fig. 10 behave very similarly to the
smaller machine. However, due to the lower switching frequen-
cies, the differences from the sinusoidal supply at the five-level
supply remain larger than in the 150-kVA machine.
As expected from the current THD study, the damper-winding
losses are the most affected loss component when the voltage
waveform changes. Indeed, when the supply is changed from the
two-level to five-level at 250-Hz switching frequency, Fig. 11
shows 3.2, 10.5, 2.1, and 36.8 kW, or 13%, 42%, 27%, and 88%
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Fig. 9. Simulated terminal voltages, rated-load currents, and current distor-
tions (THD) for the 12.5-MW machine at 250-Hz switching frequency.
Fig. 10. Simulated core losses in the 12.5-MW machine with different switch-
ing frequencies and different numbers of PWM voltage levels.
decreases in the hysteresis, classical eddy-current, excess and
damper-winding losses, respectively. The effect on the losses is
thus dependent on the construction of the machine.
Fig. 11. Segregation of the simulated rated-load core losses of the 12.5-MW
machine at two- and five-level inverter supplies and comparison to the losses at
sinusoidal supply.
V. CONCLUSION
The effect of multilevel inverter supply on the power losses in
magnetic cores and electrical machines was studied by numeri-
cal simulations and experiments. The core losses were found to
reduce significantly when more voltage levels were used in the
inverter. In addition, it was shown that the effect of switching
frequency on the core losses becomes insignificant when more
than two voltage levels are used. This is important, since using
a lower switching frequency allows reduction of the inverter
losses and thus leads to a better total efficiency of the drive.
In the 150-kVA test machine, the largest absolute decrease
was observed in the rotor classical eddy-currents losses, while
the damper-winding loss decrease dominated in the 12.5-MW
machine. In general, the dominant loss components depend on
the dimensions and ratings of the machine. In larger machines
with larger air gaps, the rotor losses are typically smaller and
the proportion of the stator hysteresis losses on the total losses
is greater [23]. However, as seen in the case of the 12.5-MW
machine, especially the damper winding losses can be very
sensitive to the voltage waveform.
As a conclusion, coupling electrical machines to multilevel
inverters offers a good means for drive systems to meet bet-
ter the constantly tightening efficiency requirements. Especially
in large machines, huge absolute energy savings are possible.
Loss minimization and optimization for a complete drive system
offers interesting possibilities for further research.
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